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PREFACE

This report was prepared by the Institute for Defense Analyses (IDA) for the Office
of Engineering Technology, Deputy Under Secretary of Defense (Research and Advanced
Technology), and the Air Force Human Resources Laboratory, Logistics and Human
Factors Division, under Contract Number MDA 903 89 C 0003, Task Order T-D6-553.
"Applications of Sysiems Engineering Techniques to Development of a Unified Life Cycle
Engineering Environment."”

The issuance of this report meets the specific tasks of surveying "techniques which
have been used in past studies of design processes,” evaluating techniques, such as
"Object-Oriented Programming Techniques,” and selecting "a design problem to be used as
a case study in examining the applicability of the techniques." '

This paper was reviewed by Drs. Jeffrey H. Grotte and Frederick R. Riddell of
IDA.
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EXECUTIVE SUMMARY

A. IN1RODUCTION

The modemn aerospace vehicle design process is a complex and sophisticated
activity encompassing voluminous computations, numerous interdisciplinary interactions,
and enormous quantities of data. The process requires the efforts of many individuals over
an extensive period of time. The entire scope of the design process is driven by design
information created during the design operations. One emerging and most critical issue in
effective design is the efficient management of the engineering design data. [Ref. 1]

Studies of interdisciplinary interactions, procedure optimizations and automations,
and design methodologies abound; however, little is understood about the design and
development of engineering/design data bases specifically tailored to acrospace vehicle
design applications. To effectively manage the design information, various computer-aided
design/computer-aided manufacturing (CAD/CAM) and data base technologies and
techniques, such as integrated data base concepts, distributed data base concepts, and
semantic data modeling methods, have been developed and implemented.

The conventional data base management systems (DBMS), such as hierarchical,
network, and relational, have been developed for business-oriented applications and do not
meet data requirements for the engineering/design environment. To overcome the
deficiencies of the conventional DBMS, many data/process modeling methodologies, such
as Integrated Computer-Aided Manufacturing (ICAM) Definition Language (IDEF)
methodologies, Nijssen's Information Analysis Method (NIAM), and Systematic Activity
Modeling Method (SAMM), were developed to address well-defined information
processes. Such methodologies, together with appropriate DBMSs, have been used for
specific engineering tasks. These methodologies, however, have not been adequately
evaluated for their relevance to the aerospace vehicle design process. The objective of this
paper is to present an evaluation of the current data/process modeling methodologies with
emphasis on the aerospace vehicle design application.
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B. OVERVIEW

This paper presents a systematic evaluation of data/process modeling methods for
supporting the aerospace vehicle design process. One of the key issues for ensuring the
effective management of engineering information is the use of a DBMS specifically tailored
to engineering applications. Conventional DBMSs, developed for tusiness- and
administrative-oriented environments, have been determined incapable of fulfiiling the
functional requirements of engineering applications. Because of the deficiencies of
conventional DBMSs, many data/process modeling methodologies have been advocated
and implemented for engineering applications. Such methodologies were developed to
serve the needs of particular engineering tasks and, prior to this study, had not been
sufficiently evaluated for relevance to aerospace vehicle design. The IDA study covered
seven data/process modeling methodologies, which were evaluated by conducting a test
application to an aircraft wing composite panel design. The following methodologies were
evaluated with the test application:

e Three Integrated Computer-Aided Manufacturing (ICAM) Definition

Languages (IDEFq, IDEF;/IDEF;x, IDEF;)

«  SAMM

* NIAM

e  Entity-Relationship Model (ERM)

*  Object-Oriented Data Model (OODM).

Table ES-1 is an evaluation matrix that presents the ratings of the various features
of these methodologies. Summaries of the features, assets, and liabilities of each
process/data methodology are provided in Tables ES-2 through ES-8.

C. CONCLUSIONS AND RECOMMENDATIONS

The results of this evaluation indicate that none of the existing modeling
methodologies can adequately support the overall aerospace vehicle design process. The
OODM seems to possess many features required for the ideal design decision support
system for modeling the aerospace vehicle design process. Some of the features that the
OODM does not possess are embodied in other methodologies. An extended information
modeling methodology, formed by combining the OODM data model with a process model
(such as IDEFg or SAMM), may provide an ideal design decision support environment.

ES-2
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Table ES-2. Summary of IDEFg Methodology

MODEL
ITEM

IDEFq

Features

« It is a functional model that describes a complex system and interreiated information/

object transfer.

it provides graphics, texts, and forms that permit the system designers to quantify
the existing system, propose system enhancements, and evaluate their effects in a
logical way.

it strongly reinforces the top-down functional modeling approach. It gradually
introduces greater levels of detail through the diagram structure of the model.

Assets

It permits an individual to work on different aspects of the total system design yet be
consistent in terms of final systems integration.

It permits complete system encapsulization in a standardized, documented form.
It permits the user to specify a complete systemn design to the desired level of detail .

It is a clear, concise specification methodology currently available to functionally
describe total system design.

Liabilities

Development time is too lengthy.
It is quite complex and time consuming to read.

It has only a static representation facility and cannot define the system in terms of
dynamic representation.

The function names between two different modelers can be inconsistent due to their
different views about the system.

Sometimes it has difficulty in pinpointing a problem area within the system.

Such a modeling method must be researched, developed, implemented, and tested to
provide critically needed support of a future information-driven aerospace design process.
Large scale test bed problems, such as the XV-15 tilt-rotor composite aircraft wing
structure or avionics control systems, should be used to evaluate the information

methodologies assessed in this report as well as any future methodology developments.
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Table ES-3. Summary of IDEF{/IDEF¢x Methodology

MODEL
ITEM

IDEF1 /IDEF1 X

« It comprises three primary elements:
-- Entities (classes of items of information)
-- Attributes (classes of kinds of information)
- Classes of relations between entities.

Features » It incorporates the necessary graphics, texts, and forms to inject an organized
discipline into the process.
« It provides for the measurement and control of the progressive development of the
model through the routine of the modeling discipline.
« It is a coherent language that supports the development of conceptual schemas.
« It produces graphical diagrams that explicitly represent data semantics.
« It represents a broad range of detail, making it suitable for supporting the complete
process of developing information systems.
« It is independent of any DBMS and application tools.
Assets
« It has been successfully applied in a variety of enterprises to achieve implementation
of integrated data resources.
« It provides a modularity that can protect against inaccuracy, incompleteness,
inconsistency, and imprecision.
* It supports disciplined, coordinated teamwork.
» It describes only the static behavior of information in a system.
« Considerable knowledge is required for implementation, and building the data model is
Liabilities time consuming.

» Inexperienced users often generate a non-normalized form and later cause data base
anomalies.
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Table ES-4. Summary of IDEF; Methodology

MODEL
ITEM

IDEF2

Features

« It describes a time-varying behavior in a systematic way such that the descriptions
can be analyzed using computer simulations to generate a measure of system
performance.

« It decomposes into four submodels (graphic components):
--Entity flow networks
~Resource disposition trees
--System control networks
-Facility diagrams.

+ It models system behavior by examining the manner in which entities flow through the
system and the reaction of the system to the entity flow.

Assets

+ It is suitable to measure the performance in terms of time.

» It can model probability of occurrence, personnel involvement, decision making, and
interactions among activities and events.

« It is suitable to model the dynamic behavior of bounded systems, such as manu-
facturing processes.

« It predicts and experiments with a system's dynamic behavior without implementing
and building the system.

+ It makes use of computer simulation techniques and reduces human error.

Liabilities

« It is difficult to understand and implement due to complexity.

« 1t can handle only well-bounded manufacturing processes. It is not suitable to model
an unbounded system, such as a design activity.
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Table ES-5. Summary of Systematic Activity Modeling Method

MODEL
ITEM

SYSTEMATIC ACTIVITY MODELING METHOD (SAMM)

Features

« It provides a systematic approach by using a top-down hierarchical decomposition
technique approach.

+ An activity diagram (AD) is used to show the interrelationships between activities by
indicating data and data flow through their relationships.

« It can be used to model the design networks that are the fundamental building
blocks for the design process.

« It is designed to be expandabile to the level of detail desired by the designers.

Assets

« It allows the individual to construct the model in a parallel and modulized manner
without involving the details of other activities.

« It provides information such as the number of iterations, the quantity of data, and
whether the activity can be performed using computers.

« It permits the designer to specify a complete system design to the desired level of
detail.

« It permits the design to be reviewed and examined by many individuals, and comments
by these individuals can be incorporated in a consistent, standardized manner.

« The cost and time drivers can be quantified.

Liabilities

« It does not indicate a specific sequence or flow as evolving over time. This fact is
frequently misunderstood by users.

« it does not have information about the involvement of mechanisms such as design
tools, computer hardware, or personnel.

« It encourages the designers to concentrate on individual activity, without seeing
the process as part of the entire system.

« It is a static representation of the activity, which may be problematic since designers
have difficulty perceiving the design process in terms of static data flow.
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Table ES-6. Summary of Nijssen’s Information Analysis Method

MODEL
ITEM

NIJSSEN'S INFORMATION ANALYSIS METHOD (NIAM)

Features

it is a binary-relationship conceptual data model.

It is a means of capturing information requirements in user-understandable terms,
modeling and analyzing the requirements in a formal information model, and trans-
lating conceptual information requirements into implementable specifications.

Relationships between object types are derived through entity-joins rather than
symboal-joins.

it is a rule-based modeling technique that can be easily mapped into the data base
schema and data specifications up to the third normalized form using functional
decomposition and an information structural diagram (I1SD).

Assets

it is easy for non-technical people to use because schemata defined in terms of the
model can be read almost like a natural language.

it supports a variety of constraints that are not available in the conventional data
models.

Users have complete freedom to override the form suggested by NIAM and dilute
the high level of normality.

1t uses a semantic binary association between objects in generalized object classes;
therefore, it is capable of modeling any environment.

information can be easily automated by the computer algorithms to transform the
conceptual schema into a logical data base schema.

Liabilities

It is not considered a "real” data model since it does not provide a nice and well-
defined set of data manipulation operations.

it does not provide capacities for view definition,

it is inefficient even with simple queries, requiring a greater numbe: of joint operations
than conventional data models.
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Table ES-7. Summary of Entity-Relationship Model

MODEL
ITEM

ENTITY-RELATIONSHIP MODEL (ERM)

Features

it is one of the earliest conceptual data models.

« |t supports the top-down approach.

« It consists of three basic constructs: entities, relationships, and attributes.
« It can model composite entities or their relationships.

» The Entity-Relationship Diagran1 (ERD) provides users a visual inmediacy that makes
ERM a popular conceptual data model.

Assets

» The ERM's basic construct is very simple to represent and leam.
« The ERD is a comprehensive and simple diagrammatic technique.
» Many-to-many relationships are easy to implement.

+ ERD can be easily mapped into a relational data base structure with up to the third
normal form.

+ It is supported by the well-developed entity relationship modeling tools.

Liabilities

« It assumes that an entity can be represented by a single relation.

« Even if classified as a semantic data model, ERM still cannot provide sufficient
semantics for engineering design objects.

* It provides the modelers with a great deal of freedom to model the enterprise; hence,
models generated by different individuals can have many discrepancies.
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Table ES-8. Summary of Object-Oriented Data Model

MODEL
ITEM OBJECT-ORIENTED DATA MODEL (OODM)
« It medels all of the conceptual entities with a single concept--objects.
» Each object encapsulates data and procedures to operate on the data.
« It has four characteristics: data abstraction, information hiding, inheritance, and
Features dynamic binding.
« It provides a hieraschy of types of cbjects and the ability to inherit the properties of
the parent object types.
« It allows application programs to view a class of abstract data objects completely in
terms of a set of characterizing operations.
« Complex design entities can be represented more directly, with less encoding,
meaning fewer levels of indirection.
« It offers fast response in design applications.
+ Update operations and constraints are an integral part of the data base.
+ Data independency is maintained.
Assets « An efficient programming language intertace can be developed.
» lterative and tentative nature of design is supported.
- Multistage nature of design is supported.
» Dynamic schema and data base operations are extendable.
» Data can be shareable.
« Versions, alternatives, and revisions can be easily implemented.
» The concept is difficult to implement.
Liabilities » The dynamic binding mechanism has high run-time costs.

« A variety of the object-oriented paradigms, each defining different terminologies and
meanings, cause inconsistencies and confusion to designers not proficient in DBMS.
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I. INTRODUCTION

The modern aerospace vehicle design process is a complex and sophisticated
activity encompassing voluminous computations, a lengthy time span, numerous
interdisciplinary interactions, and enormous quantities of data. An emerging and most
critical issue in effective design is the efficient management of design data. [Ref. 1]

Studies of interdisciplinary interactions, procedure optimizations and automations,
and design methodologies abound; however, little is understood about the design and
development of engineering/design data bases tailored to aerospace vehicle design
applications. The conventiona! data base management systems (DBMS), such as
hierarchical, network, and relational, were developed with business-oriented applications in
mind and do not meet data requirements for the engineering/design environment. To
overcome the deficiencies of the conventional DBMS, many data/process modeling
methodologies, such as Integrated Computer-Aided Manufacturing (ICAM) Definition
Language (IDEF) methodologies, Nijssen's Information Analysis Method (NIAM), and
Systematic Activity Modeling Method (SAMM), were developed to address well-defined
information processes. Such methodologies, together with appropriate DBMSs, have be=n
used for specific engineering tasks. These methodologies, however, have not been
adequately evaluated for their relevance to the aerospace vehicle design process. The
objective of this paper is to present a systematic and complete evaluation of the current
data/process modeling methodologies, with an emphasis on an aerospace vehicle design
application.

A. BACKGROUND

In FY1987, the Institute for Defense Analyses (IDA) conducted two studies for the
Air Force's Unified Life Cycle Engineering (ULCE) program. These studies were
supported by the Air Force Human Resources Laboratory (AFHRL), Logistics and Human
Factors Division, Wright-Patterson Air Force Base in Ohio. One study was an
investigation of the decision support requirements for an ULCE environment. To identify




research priorities for decision support in ULCE, a working group composed of members
of academia, industry, and government was convened. The group identified the following
actions as necessary for implementation of a decision support system (DSS) in ULCE:

Engineering needs for data base design must be expected to differ from

those that spring from DSS structure. It is important to identify those

aspects of DSS data base design that lead to competition with, contradiction

of, or require extension to data bases that are engineering dictated. The

advantages and disadvantages of advanced data base technology, such as.

object-oriented data bases versus the relational data base structure more

commonly used in business DSS, must be examined. [Ref. 2]

The second IDA study focused on the architecture and inegration requirements for
an ULCE design environment. A recommendation resulting from this study was that
"research should be conducted in the areas of data base management systems, data
modeling, and applications of object-oriented techniques to design systems.” In particular,

An extensible representation of design engineering data, which incorporates

features of the network, hierarchical, relational, and object-oriented data

model types, is needed for ULCE. This data model will provide a

foundation for the integration of the ULCE design tools and the

knowledge/data base management systems. {Ref. 3]

To address some of the problems posed in these studies, the AFHRL, Logistics and
Human Factors Division, funded additional IDA research during FY1988. IDA enlisted the
expertise of Dr. Robert Fulton, Professor of Mechanical Engineering at Georgia Institute of
Technology, and his graduate student, Chou-pin Yeh. Dr. Fulton was Program Manager
of the Integrated Programs for Aerospace Vehicle Design (IPAD) at NASA-Langley
Research Center from 1972 to 1984. IPAD was one of the most extensive investigations of
the aerospace design process and resulted in comprehensive models of that process. Chou-
pin Yeh also has design experience and is working with Dr. Fulton to identify the relevance
of information modeling methods to engineering design tasks. This report is the result of
their work, performed for IDA, in identifying and evaluating the data and process modeling
methods for aerospace design.

B. OVERVIEW

This paper begins with a description of the aerospace vehicle design process. The
characteristics of the design process are identified in Section II-A. The automation and
integration of the design process are addressed in I1-B and II-C, respectively. Chapter III
contains a description of the conventional data base models, their defects, and why a design
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data base management system is needed to effectively manage design information. The
current data/process modeling methodologies are described in Chapter IV and evaluated in
Chapter V. Conclusions and recommendations for further research are provided in
Chapter VI, including ideas for an extended data/process modeling methodology that meets
the functional requirements for an aerospace vehicle design environment.




II. AEROSPACE VEHICLE DESIGN PROCESS

Design is the synthesis of related activities, including the design of products,
processes, manufacturing systems, software, and organizations [Ref. 4]. Engineering
design is the result of rational decision making and has been defined as a mapping process
through which needs are translated into functional requirements and then into a product.
Engineering design can be viewed as a process of decomposing and refining interrelated
representations of functions, structures, and behaviors of the end product and its
components. The design process describes the gathering, handling, and creative
organizing of information relevant to the design practices [Ref. 5].

The modern aerospace vehicle is a complex integration of sophisticated technical
systems manufactured to the exact standards required for safety, economy, and mission
performance [Ref. 6]. The aerospace vehicle design process passes through several phases
as it progresses from an initial conceptual design to the final detailed design [Ref. 7]. As
depicted in Figure 1, acrospace vehicle design is an evolutionary process. Research,
development, and marketing activities result in new design concepts and technologies. The
ideas generated from these new concepts and technologies enter a conceptual design phase,
where the design characteristics are scoped to allow progression to the preliminary design
phase. When the design is sufficiently mature, it is authorized to proceed to the detailed
design phase. (See Table 2 for some of the design characteristics of the conceptual,
preliminary, and detailed design phases.) After the detailed design phase, the product is
manufactured, tested, and delivered. Design support for the product in production must be
a continuing activity to cover the changes and modifications in the future product
improvement [Ref. 7]. This total process involves many subtasks and cycles in a variety of
sequences over a lengthy time span. The phases of aerospace vehicle design do not occur
in a simple linear progression; there is a great deal of overlap, and the activities of the
phases often occur in parallel. Schedules are very limited in the acrospace industry, and
design operations cannot be delayed until a prior task is completed [Ref. 9].
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Figure 1. Evolution of Aerospace Vehicle Design Process
Tabie 1.

Characteristics of the Conceptual, Preliminary,
and Detailed Design Phases

CONCEPTUAL PRELIMINARY DETAILED
CHARACTERISTIC
Manpower 20 §0-500 300-3,000
Flowtime 2-3 weeks 6 monthss 1-5 years
Configurations Examined 100s 10s 1
Weight Accuracy A2% 92-98% >98%
Objectives Define market Select acceptable Prepare manufacturing
potential vehicle and test plans

Output Concept, Configurations, Shop data, parts,

assumptions, specifications, facts, and drawings

and philosophy and approaches
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Basically, design is an exploratory process during which abstraction is employed to
simplify the design process. The process of abstraction results in a design hierarchy. In
aerospace vehicle design, a design network is a useful representation of the design
hierarchy, to identify and describe the logical information flow for any level of the design
process [Ref. 9] (see Figure 2).

A. CHARACTERISTICS OF AEROSPACE VEHICLE DESIGN PROCESS

Aerospace vehicle design is an unusual system process because it has special
features not found in other complex processes. By carefully examining and studying the
design process, the characteristics of acrospace vehicle design can be identified as follows:

Complex and Sophisticated. The modemn aerospace vehicle is an integration of
complex geometry, advanced technology, intricate manufacturing processes,
and sophisticated business strategies. The structure of an aerospace vehicle
contains a vast number of parts and details. For instance, the airframe of a
wide-body jet transport contains more than one million parts (Ref. 7].

Time Consuming and Expensive. Aerospace vehicle design involves hundreds
of individuals, and completing the entire design process can take several years.
As a result, the cost of design can be enormous [Refs. 7, 9].

Requiring Many Supporting Design Tools. It requires numerous design tools
and aids, such as analysis, optimization, and geometrical modeling packages to
support and facilitate the design process.

Creating Large Quantities of Data. Due to the considerable size and complexity
of an aerospace vehicle, its design creates large quantities of data. The data
include design information (such as functional or graphical descriptions of
design objects), information to validate designs (test cases and simulation
results), and information that documents the design process [Ref. 10].

Dynamic. Aerospace vehicle design is a highly creative, newly developed, and
informal technology rather than a stereotyped, standardized, and well-
established process. Hence, the design definition often changes to rectify
design difficulties, accommodate new technology, and incorporate modified
design criteria, making the aerospace vehicle design process a very dynamic
environment.

Iterative. The design process is not a logically progressive path. Instead of
iterating the same algorithm time and time again, any one solution may require
a number of iterations at various stages of the process until the design criteria
and specifications are met [Ref. 11]. Resizing the configuration of an aircraft
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or its parts, for example, may take hundreds of iterations and millions of
computation steps to achieve the optimal weight-strength design [Refs. 7,
8, 9.

»  Work Done in Parallel. Due to the tight schedules of aerospace vehicle design
activities, the design tasks are often decomposed into subtasks, which are
accomplished by different teams working in parallel.

»  Numerous Interactions Between Designers. Since design activities are
performed in parallel, many tasks overlap, causing much interaction and
information transfer among designers [Ref. 9].

o Incorporating Optimization Procedures in the Early Design Stage. In aerospace
vehicle design, the optimization techniques play an important role since one
design objective is to attain the maximum or minimum value of some merit
functions. Structural optimization can determine a minimum weight design of
a structure subjected to constraints on design requirements. The optimization
procedures are, in general, useful in conceptual and initial preliminary design
phases, since the number of variables and constraints are small enough to
characterize the entire system [Ref. 7]. _

»  Multidisciplinary. The design process encompasses all activities required to
generate the data needed to produce a product; therefore, it covers a wide scope
of technical disciplines ranging, for example, from aerodynamics to structures
to manufacturing to economics [Refs. 7, 8, 9].

B. DESIGN PROCESS AUTOMATION

Prior to the 1970s, the acrospace vehicle design synthesis was performed manually.
The designers synthesized the production definition and its realization as a certified
manufactured entity through the use of abstractly represented information, such as
engineering drawings, bills of materials, and analysis results. This "paper” method
involved extensive human activities, which were often error prone and time consuming
[Refs. 9, 12]. In addition, due to human limitations in dealing with such a great volume of
complex information, the technical depth was restricted and was not adequately maintained
in some phases of the design process [Ref. 7]. Therefore, human productivity needed to
be enhanced through computer assistance, to reduce time spent on routine functions and
add greater technical depth and optimization in the early stages of design, when basic
concepts are selected. Since the eariy 1970s, many computerized automated programs have
been developed for use in the acrospace vehicle and aircraft design process (see Table 2).
In general, these application programs provide capacity in one design level and are
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Table 2.

Representative Automated Procedures for

Aerospace Vehicle and Aircraft Design Process

DISCIPLINE PROGRAM NAME ACRONYM
Vehicle Synthesis General Aviation Synthesis Program GASP
Aerospace Vehicle Interactive Program AVID
Contiguration Development System cDs
Aerodynamics Dynamic Loads Analysis of Flexible Airplanes DYLOFLEX
Aerodynamic Panel Loads Program USSAERO
Structural Analysis NASA Structural Analysis Program NASTRAN
Structural and Optimization Program ACCESS Ili
Automated Program for Aircraft Structure APAS I
Optimization General-Purpose Optimization Program oPT
Flutter and Strength Optimization Program FASTOP
Structural Sizing Aircraft Sizing and Performance Program VASCOMP Il
Vehicle Sizing and Performance Evaluation Program VSPEP
Propuision and Power | Computation of Three-Dimensional Combustor Performance | COM3D
Program
Mission Analysis Goddard Mission Analysis System GMAS
Geometric Modeling Aircraft Geometry Generator GEMPAK
Helicopter Geometry Modeler HESCAD

unidisciplinary. Each has its own language and means for representing information, thus
making it almost impossible for cooperating design groups to share information [Refs. 7,
13]. This results in an environment composed of what are termed islands of automation.
Overall performance using this approach is not satisfactory [Ref. 14]; the generation of
computer-aided design/computer-aided manufacturing (CAD/CAM) programs provided
design tools for partial automation of the total design process without a focus on integration
of functions as a primary goal {Ref. 15].

C. DESIGN PROCESS INTEGRATION

Effective management of information in the engineering process is key to efficiently
managing the design process [Ref. 1]. To aid the designers in managing engineering
information, CAD/CAM technology has been widely developed and implemented [Ref.
16). CAD/CAM applications have enhanced the design process by providing the design
tools or application programs for generating a new design or modifying an existing similar
design.
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When CAD/CAM systems were first introduced, each operated independently, and
design data were prepared manually as input to the individual application programs
containing their own local data bases. Due to these islands of automation, enormous
overhead costs were incurred in managing design data [Ref. 13]. To consistently manage
design and analysis of engineering objects, data in engineering applications must be
processed in an integrated manner. An integrated CAD/CAM system provides for the
greatest interaction and flexibility in program utilization and the highest potential for
automation without losing insight and innovation. In addition, an integrated system can
provide for an intelligent dialogue between the designer and the computer so that they may
augment and complement each other in managing and accomplishing the design task.

There are four basic approaches for integrating CAD/CAM systems, which are
discussed in the following sections.

1. Interface/Translation Approach

The first approach consists of constructing an interfacing network among various
CAD/CAM systems so that the output of the upstream program automatically becomes the
input of the downstream program [Ref. 16} (Figure 3). This approach, however, creates
several problems:

¢ It requires many translators, one between every two CAD/CAM systems, to

handle the translations (input/output data conversion) and the communication
tasks. If there are N different CAD/CAM systems, then N*(N-1)/2 translators
are required (Figure 4) [Refs. 13, 17].

» If one system or tool changes its status, all other translators related to this
system must adjust their status accordingly. This makes the entire integrated
CAD/CAM system very rigid and difficult to modify and maintain, especially
when there are many systems [Ref. 18].

* Translators operate in one direction only and do not provide the degree of
interactivity required for normal decision making.

* Translations and interfaces are simply too time-consuming and costly to
execute and maintain for these purposes.

To streamline the translation and interface, several data exchange standards such as the
Initial Graphics Fxchange Specification (IGES) have been developed and do somewhat
improve this approach; however, difficulties in flexibility and interactivity still exist.
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Figure 3. Interface/Translation Approach for Design Process Integration

Figure 4. Translator Interface Between Application Tools
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2. Directory Data Base Approach

The directory approach uses a data base with the traditional librarian functions to
track design and manufacturing information, in computer files or on paper [Ref. 17]
(Figure 5). The data base structure maps engineering document names into file names and
locations and allows the design engineers to ask for design documents without having to
recall file names. This approach is easy to implement because neither the file formats nor
the applications are changed from their original form. In addition, by providing the
necessary support procedures, most functions are transparent to the users. However, this
approach does have its drawbacks:

» It provides minimal assistance to the designers since they must still specify the
document type and the part desired.

e  The computer is used to manage engineering data files rather than individual
fields and records as it usually does in data base management systems. File
access is sequential, whereas records are randomly accessed--data is accessed
more quickly by the latter method.

3. Common Data Base Approach

The third approach to integrating CAD/CAM systems eliminates the limitations of
the first two, by achieving integration at the data base level--by connecting all systems to a
common data base. From the user's view, the communication or interface between any
two systems always occurs through the common data base [Refs. 13, 17, 19] (Figure 6);
however, the common data base can be centralized or distributed among various locations
throughout the systems. The common data base approach best provides the full benefits of
data base management technology. The common data base managed by a powerful
commercial DBMS provides the enterprise with a flexible design/manufacturing
environment because the data base is easily extended to support additional applications
‘when needed. These commercial DBMSs, called conventional DBMSs, embody many
customized features for easier application development, simplified application maintenance,
improved data shareability, and redundancy.
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Integration of data bases into a centralized common data base may pose some
disadvantages:

Because the data from individual data bases are integrated in a single data base,
the sense of ownership and the responsibility for data are easily lost [Ref. 18].
As a result, inaccurate data may not be detected.

An integrated common data base may also threaten privacy. In an integrated
common data base environment, it is easier to gain access to classified
information.

This approach requires extensive efforts to convert existing CAD/CAM
applications to a general baseline data base structure because most of the
current CAD/CAM application tools are not designed for the data base
approach.

The common data base approach is designed to support a global view of data
and tends to suppress the local views of each application; in some cases this
may not be desirable [Ref. 18].

4. Executive-Centered Approach

The executive-centered architecture differs from the common data base approach in
that in addition to the common data between application programs, the application programs
provide for communication between the program and the user [Refs. 17, 18]. Programs
are also properly synchronized by an executive to ensure overall system efficiency.
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The executive-centered architecture consists of four key components (see Figure 7).
e Adatabase

e A user interface

e  Application programs
e An executive.

The role of the data base under this approach is not reduced in its importance although it
does not play the central role that the executive does.

(o1 ) Tool2 Tool 3 Tool 4

/

Executive User Interface

Figure 7. Design Process Integration—-Executive-Centered Approach

§. Case Studies

To explore and solve this integration problem, many projects using conventional
DBMS to manage data have been initiated and sponsored by the government and private
industry [Ref. 8). Several representative projects are briefly described in the following
paragraphs.
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a. Integrated Programs for Aerospace Vehicle Design

IPAD (Figure 8), initiated by the Boeing Company under contract to NASA-
Langley Research Center in the early 1970s, was the first major project focusing on the
integration of aircraft and aerospace vehicle design, analysis, and manufacturing [Refs. 16,
21-25]. One of the primary goals of the IPAD project was to increase designer productivity
through the use of system software and design methods that augment technical capability
and creativity, while reducing cost and flow time. The IPAD project has considered
applying data base management technology to all phases of the product life cycle: CAD,
CAM, and operations, and maintenance. IPAD also investigated the application of data
base management technology through a common data base management facility. IPAD
developed extensive documentation of the aerospace vehicle design process and
information.

Goai: improve productivity through technology for integrated,
company-wide management of design data and computer
programs

Computer Operating System
(CDC, IBM, DEC, otc.)
Technical Programs

(Structures, Aerodynamics,

« Invoive industry s pariner 10 development
* Detine full IPAD system of the uture
* implement basic geometry graphics capability

Figure 8. Integrated Programs for Aerospace Vehicle Design Concepts
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IPAD is composed of the following six key components [Ref. 25]:

IPAD Executive (IPEX). IPEX provides a standard set of services to the other
key components, isolating them from the host computing system and providing
internal functions and data needed for distribution of IPAD functions, data, and
application programs. The standard servicss include process control, input,
output, file operations, interprocess communication, and access to certain host
resources and services.

System Functions. The system functions provide internal services to IPAD
functions, such as the collection of performance data, putting such data in files
for later processing, and collecting user data.

User Interface. The user interface handles all of the dialogue between the
system and the user. Through IPEX, it initiates the user functions and
application programs and obtains data management services from the data
management system. It also reads and interprets system languages, executes
executive-level commands, and aids the user in handling certain abnormal
situations.

IPAD Data Management System. IPAD has developed a prototype DBMS at
both the local and global levels. A system denoted Relational Information
Management (RIM) was developed for local-level data management. RIM,
based on a relational data model, has many features such as interactive queries,
report writer, and FORTRAN interfaces. IPAD also developed a global
DBMS called the IPAD Information Processor (IPIP), a multiuser DBMS
supporting multimodels (relational, hierarchical, and network). IPIP employs
a multischema architecture to allow different users to have their own views of
the same physical data.

User Functrion. The IPAD user functions provide support to the design
process in project management, design, training, data definition, data
manipulation, query, pre-compilation, application program development, and
document preparation.

Application Programs. TPAD provides a standard user interface so that the
users can install their own application programs and integrate them into the
system.

The principal advantage of the IPAD approach is that the DBMS can support unified
description, manipulation, and management of the data of the organization. The result is a
reduction in the duplication of design data, which minimizes problems in maintenance of
data base consistency and update efficiency. IPIP generated the concepts for both
distributed and shared data bases. The distributed data base allows communications among
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the existing softwares to be dispersed geographically in heterogeneous computer hardwares
(Figure 9). The concept of shared data base provides a common interface, which aids the
integration of various design activities and computer-based support systems. While
performing its information storage and retrieval functions, the system can also maintain
data base integrity and enforce organization security rules [Ref. 26].

* Multischema/View Data Base
Numerous Multiple
External Arbitrary Single Computer
Views Enterprise Views
View
Translators Translators

Integrated
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-l Computer Independent hl‘— Computer Dependent

Figure 9. Integrated Program for Aerospace Vehicle Design
Data Base Management Concept
To illustrate the IPAD concept and to aid instruction on integration concepts, the
Prototype Integration Design (PRIDE) system was built. The system primarily focuses on
structural analysis but can be readily expanded to accommodate other capacities.

b. Integrated Design Support System

The Air Force's Integrated Design Support (IDS) System is an integrated
technology program that captures the critical technical engineering information necessary to
perform the functions of maintenance, modification, repair, and reprocurement of the
weapon systems [Refs. 19, 27] (Figure 10). IDS uses an integrated data base so that
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Figure 10. Integrated Design Support System Components

information can be shared by each discipline throughout the product life cycle. IDS applies
several structured methodologies (IDEF) to define and understand the environment, define
the data, model the dynamic behavior of the program, and predict the cost incurred.

The IDS system architecture consists of three fundamental parts: an information
architecture supporting multiuser views of IDS, a computer systems architecture
representing the physical view of IDS, such as different types and levels of computer
hardware and software systems, and a control architecture representing the management
view of IDS, including standards, procedures, data models to maintain alignment between
information, and computer systems architecture. This tri-architectural conceptualization of
IDS is shown in Figure 11. IDS also incorporates a mechanism, the Product Data Control
Model (PDCM), for defining and controlling the technical data that can be hosted on
heterogeneous computer systems and used by various users. Development of the IDS
integration concept will provide the basis for a substantial improvement in the management
of the technical information for both emerging and future military weapon systems. IDS
will also provide the basis for life cycle cost reductions on future weapon systems.
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Figure 11. System Architecture for Integrated Design Support

c. Integrated Information Support System

Sponsored by the US Air Force's Integrated Computer-Aided Manufacturing
(ICAM) program, the Integrated Information Support System (IISS) project is conducted
by Boeing, DACOM, Structural Dynamics Research Corporation (SDRC), and Control
Data Corporation (CDC) [Ref. 28]. The IISS project provides the enablirg technology to
logically and physically integrate a network of heterogeneous pre-existing computer
hardware and software in a distributed environment. IISS has developed an integrated
system that insulates the user from having to know which subsystem the user's data resides
on. Using ICAM's IDEF;x modeling technique, IISS focuses on the capture,
management, and us¢ of a single semantic definition of the data resource, referred to as a
conceptual schema. The short-term goals of IISS are to allow data shareability and to
provide a means for improving data quality and independence. The long-term goal is to
provide an environment that makes all of the computers appear as one integrated computer,
with all of the data seeming to reside in one data base accessed by a single, consistent type
of terminal interface.

d. Engineering Information Systems

The Engineering Information System (EIS), sponsored by the Department of
Defense (DoD)/Air Force's Very High Speed Integrated Circuits (VHSIC) program, is
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being developed using an object-oriented approach [Refs. 13, 29, 30]. Using this method,
the user can define new global or local object classes, such as three-dimensional parts with
operations such as display, rotate, and calculate volume. These capabilities exceed those of
current DBMSs. EIS is focused on the information processing needs of engineers,
managers, and administrators in the organizations involved in integrated circuit design and
in the development of the tools that support the design process. EIS supports the
Engineering Information Model, which provides a graphical representation of the semantics
of the information in the engineering environment in which EIS operates.
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III. DATA BASE MANAGEMENT ISSUES IN
THE DESIGN PROCESS

The aerospace vehicle design process creates large quantities of data. A DBMS, a
set of software that defines, retrieves, and modifies data stored in a data base, can be used
to store and effectively manage the information, thereby increasing the productivity of the
aerospace vehicle design operations.

The first DBMSs were developed for business and administrative applications.
These record-based DBMSs are usually classified as conventional DBMSs. Although
conventional DBMSs work well for business and administrative applications, they do not
meet the requirements for engineering applications, and they lack semantic expressiveness.
This section identifies and discusses conventional data base models and their deficiencies
with respect to the engineering/design environment. The design data base management
system (DDBMS) tailored to meet the functional requirements of the design process is also
introduced.

A. CONVENTIONAL DATA BASE MANAGEMENT SYSTEMS

A data model defines the overall logical structure of a data base. It provides the
structural framework into which the data are placed. The conventional data base models,
which dominate the data base systems commonly used today, include the hierarchical,
network, and relational models [Refs. 18, 31, 32] (Figure 12). Although the specific
modeling constructs of these models vary considerably, each presents the user-level view
of a schema in terms of record structures.

1. Hierarchical Data Model

The hierarchical model is tree structured. It is composed of nodes connected by
links. The nodes may be grouped into horizontal layers called levels. A hierarchy is a
multilevel data model. The tree structure of the hierarchical mode! implies that each node
may be linked to more than one node below itself but to only one node above.
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Hlerarchical DBMS

Network DBMS
Name Date of Birth Job Work Location

J.Anderson | 2-15-1922 ]| congressman D.C.

J. Carter 10-1-1924 | farmer Georgia Relational DBMS
J. Carter 10-1-1924 | govemor Georgia

J. Carter 10-1-1924 | president D.C.

R. Reagan 2-8-1911 | actor Califomia

R. Reagan 2-8-1911 Califomia

Figure 12.

Examples of Conventional Data Base Management Systems

A node represents a type of entity about which information is stored. An entity may

be an object such as a wing, a fuselage, or an entire aircraft. Each entity has certain
descriptive information associated with it. This information determines the entity type and
is referred to as the attributes of the entity. Links represent relationships between the entity
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types. The links indicate a relationship of one-to-many as they are followed down through
the hierarchy.

a. Advantages of Hierarchical Data Model

The major advantage of the hierarchical data model is that it has been successfully
used as the basic structure in data base management systems that use the hierarchical data
model as the basic structure. The hierarchical data model is also relatively simple and easy
to use. Data processing users are very familiar with the hierarchical form. In addition, the
hierarchical data model reduces data dependence, and performance prediction is simplified
through pre-defined relationships.

b. Disadvantages of Hierarchical Data Model

The disadvantages of the hierarchical data model include difficulties in
implementing the many-to-many relationship, which may cause redundancy in stored data.
(Although redundancy at the logical level is not necessarily undesirable, since it promotes
simplicity, redundancy at the physical level is undesirable.) As a result of the model's strict
hierarchical ordering, the operations of insertion and deletion become unduly complex, and
hierarchical commands tend to be procedural. Another disadvantage of the model is that
deletion of a parent results in the deletion of the children. As a result, users have to be
careful when performing a delete operation. Also, child nodes are accessible only through
parent nodes because the dominate node type is the root.

2. Network Data Model

The network data model interconnects the entities of an enterprise in a network. In
the network data model, the data structures include records and sets. The network data
model represents the different types of objects and relationships in the real world. Each
type of object is represented as a record type, with the attributes of the object being data
fields in the record. A directed arrow connects two or more record types and is used to
represent a set type. The record type located at the tail of the arrow functions as the owner
record type, and the record type located at the head of the arrow as the member record type.
The arrow from owner to member is called a set type. A set type shows a logical one-to-
many relationship between an owner and a member.




A network is a directed graph. The network model is a multilevel data model in
which each node may be linked to more than one other node in both upward and downward
directions--this feature distinguishes the hierarchical model from the network. The network
model allows relationships to be established horizontally within levels between different
entity types as well as vertically between levels.

a. Advantages of Network Data Model

The major advantage of the network data model is that, like the hierarchical data
model, successful data base management systems use the network data model for their
basic structures. In addition, the many-to-many relationship, which occurs quite frequently
in real life, can be implemented easily. The network data model also provides very good
performance and data integrity checking.

b. Disadvantages of Network Data Model

The main disadvantage of the network model is its complexity. The application
programmer must be familiar with the logic structure of the data base. The network model
also tends to force a single view of data, hence the data are arranged in a rigid, inflexible
structure; fixed structural interconnections among data items are not easily molded into a
variety of semantic interpretations.

3. Relational Data Model

A relational model is a single-level model consisting of a collection of relations
represented in two-dimensional tabular form [Refs. 26, 58]. Associated with the relations
is a set of operators that allow for the insertion, deletion, modification, and retrieval of
data. A figure for the relational model would simply contain a collection of nodes without
any links between them. There are no predefined hierarchies or networks in the relational
model. Links needed between nodes are automatically created by the relational DBMS
upon demand, and an access path is established to any node.

The rows of a relation are called tuples and its columns are called attributes. All
attribute values are drawn from the same domain--they are of the same data type. Each
tuple represents an entity and contains a value for each attribute. All tuples are distinct;
duplicates are not permitted. Tuples and domains have no order; they may be arbitrarily
interchanged without changing the data content and meaning of the relation. Tuples are
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accessed by means of a key, a single attribute, or a combination of attributes that uniquely
identifies a tuple.

a. Advantages of Relational Data Model

The relational data model is easy to understand and use because it is based on the
simple concept of a table with rows and columns of data. Users do not face a complicated
physical implementation of the model. The relational data model removes the details of
storage structure and access strategy from the user interface. The model provides a
relatively higher degree of data independence than the hierarchical or network data models.
To take advantage of the data independence feature of the relational data model, however,
the design of the relations must be complete and accurate.

The relational data model is based on the well-developed mathematical theory of
relations. The rigorous method of designing a data base (using normalization?) gives this
model a solid foundation that does not exist for the other data models. Another advantage
of this model is that an unlimited number of relationships can be represented, and thus the
extensions that can be made to the set of supportive applications are unlimited. The types
of relationships or collections of relationships that can be represented are also unlimited.

b. Disadvantages of Relational Data Model

A major drawback of this model is that the uniformity of structure and the
fragmentation into normalized relations compels the user to use queries that are long,
repetitive, and tedious, resulting in insufficient performance. Because the relational data
model is fundamentally record-oriented, it uses an overly simple data structure to model an
application environment. In consequence, the application of a relational model inevitably
involves the loss of information and semantics.

4. Model Comparison

While the similarities between the multilevel hierarchical and network models are
evident, the network model is more flexible, allowing non-hierarchical or multihierarchical
relations to be defined. This added flexibility results in greater representational power,
although it still does not afford the representational capabilities of the relational model.

1 Normalization is the process of removing dependencies and redundancies from among the attributes of
relations.
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Relationships among entities and constraints among attributes impose critical
requirements on a data base, and all user queries and updates generally cannot be
anticipated orior to the establishment of the data base structure. Ton satisfy diverse access
needs, links may be required between any of the components of the data base; however, the
hierarchical and network models have precisely defined links between the nodes. This
composition results in fixed data base structures that cannot be easily changed.

The hierarchical model presents difficulties in representing many-to-many
relationships. An additional disadvantage, that also occurs in the network model, is that
loops are not permitted (relationships cannot be established between a record type and
itself). These data models could be particularly limiting when used in an engineering/
design environment, where such relationships are common (for example, ribs connected to
adjacent spars or rivets to adjacent panels).

Neither of these disadvantages is found within the relational model. Its use requires
knowledge of only one data construct, and its underlying access mechanisms are hidden
from the user. The user needs to be concerned with only the content of individual
relations. The hierarchical and network models, however, do allow for efficient
implementations. Because hierarchy and network links are implemented as pointers, node
traversal is direct and fast. A primary disadvantage of the relational model is that it offers
less efficient accessing.

An additional advantage of the relational model is its ability to avoid common
anomalies through normalization. The concept of normalized relations is an integral part of
the relational model, and it promotes the achievement of well-structured data while
providing a degree of automatic integrity and consistency checking [Refs. 18, 31, 32].

The results of the data model comparisons are presented in Table 3.

B. DEFICIENCIES OF CONVENTIONAL DATA BASE MODELS

Applying conventional data base models to modeling design and engineering can be
problematic. The deficiencies of conventional data base models when used in design and
engineering applications are detailed in the following paragraphs [Refs.13, 33-37].
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Table 3. Results of Data Model Comparison

DATA MODEL
FEATURE HIERARCHICAL NETWORK RELATIONAL
Maijor Applications Business, Business, Business,
Administration Administration Administration,
Engineering
Data Structure Records and Sets Records and Sets Relations,
Domains, and
Tuples
Basic Operations Retrieving and Retrieving and Selection,
Modifying Data Modifying Data Projection, and
Joining
User External View Static Tree Directed Graph Table
Data Independence Poor Average Good
Relationship Binding Predefined Predefined Dynamic Binding
Static Binding Static Binding
Semantic Average Good Poor
Expressiveness
Data Integrity Good Good Average
Extensibility Poor Average Excellent
Ease of Use Average Poor Excellent
Generality Poor Good Excellent
Cost Good Average Excellent
Performance Fast Fast Slow
Data Shareability Poor Average Poor
Complex Object Average Good Poor
Representation
Many-to-Many Poor Average Average
Relationship




1. Lack of Semantic Expressiveness

A fundamental problem of the hierarchical, network, and relational data base
models is their limited semantic expressiveness. As noted in the preceding paragraphs, the
conventional data base models are all fundamentally record oriented. These low-level,
record-oriented models use overly simple data structures to model application
environments, which results in substantial modeling limitations. The record-based models
fail to distinguish the various generic relationships among applications. The relationships,
such as is-inside of, is-part-of, on-top-of, commonly used in engineering-oriented
applications are difficult to represent with conventional data base models. Consequently,
the application of a conventional model inevitably involves the loss of information and only
a limited portion of a data base designer’s knowledge of the application environment can be
expressed.

2. Inability to Handle Engineering Heterogeneous Data Types

Conventional data base models were specifically designed to store and access only
formatted alphanumeric data in the form of record files. However, design/engineering data
contains a variety of data types--graphical (two-dimensional), geometrical (three-
dimensional), mathematical (numerical), procedural, and manufacturing, in addition to
alphanumeric. These other data must be extracted with formatted records stored in a data
base. In a conventional data base model, such manual processing is arduous and
susceptible to errors and delays.

3. Inability to Implement Dynamic Schema

Since schema definition and generation are expensive off-line tasks, conventional
data base models only support static schema definition. However, dynamic schema
capacities are fundamental for achieving an essential representation of design objects. In
conventional data bases, application objects are represented as record structures and are
related indirectly through common identifiers, which are character strings that serve as (not
necessarily unique) keys to individual records. Thus, in a conventional data base, a
subscriber and his claim would typically be associated through an identifier representing a
claim number. The subscriber record and the claim record would each contain a copy of
the identifier.
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Allowing objects to represent themselves instead of using some identifier to
represent them makes it possible to directly reference an object from a related one. In
record-oriented data base models, it is necessary to explicitly cross-reference between
related objects by means of their identifiers; this causes data manipulation to be intricate and
semantically confusing. While it is, of course, necessary to eventually represent abstract
objects with symbols inside a computer, users (and application programs) should be able to
reference and manipulate abstractions as well as symbols; internal representations to
facilitate computer processing should be hidden.

4. Limitations of Evolvability

Record-oriented models are also limited in their ability to allow the structure of a
data base to support alternative ways of looking at the same information. (The capability of
expressing such alternate views may be termed relativism.) To accommodate multiple
perspeciives on the same data and to enable the evolution of new views of existing data, a
data base model must support schemas that capture the relationships and similarities
between multiple views of the same information.

The primary motivation for relativism is that slightly different view< of the same
information should be conceptualized as a semantic unit (all of the previous definitions may
coexist in the same user view). In conventional models, imposing a single structural
organization on the data is generally necessary; this single structure inevitably carries a
particular interpretation of the data's meaning. This meaning may not be appropriate for all
users of the data base and may eventually become obsolete.

Conventional schemas are also, in a sense, structurally intricate, which affects the
evolution of both data base statics and dynamics. Statics expressed in record-based
structures are difficult to understand and are therefore so intimately tied to the specifics of
the statics that evolutionary changes in the statics are liable to upset the workings of the
record-based structures. For example, splitting a relation into two, due to a change in a
dependency, is likely to destroy the algebraic operation of any transaction using the original
relation. Also, changes in processing requirements, when mapped into record-based
languages, often require significant reprogramming efforts.
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C. DESIGN DATA BASE MANAGEMENT SYSTEMS

Integrating the engineering design process with computer technology and using
sophisticated computer-aided modeling and design systems is an important research area.
Data base management technology plays a central role in the integration of CAD/CAM
systems. Data bases for CAD systems, so-called design data bases or engineering data
bases [Refs. 41, 35-38], have characteristics that differ significandy from those of the
business and administrative data bases, which are adequately managed by conventional
DBMS. Characteristics of design data bases are identified as follows [Refs. 37-41]:

Iterative. At any stage of the design, incremental changes arise in response to
design rule checks, new ideas, or alternative strategies. As a result, iterations
for a particular segment of the design process or the entire design must be
initiated to reflect these changes.

Tentative. During the design process, all design alternatives must be
maintained in the data base, pending final evaluation of the alternatives.

Multistaged. The design is usually separated into various levels or stages, and
the designers perform the design on a stage-by-stage basis. The process
begins with a product definition, and the design objects are typically designed
in several stages, each of which represents a refinement and elaboration of the
previous stage. Hence, the earlier stages of design must be available to the
designers working on the later stages.

Incomplete. A design data base initially contains only the data determined by
initial design decisions. Application programs (design tools) generate more
data for future uses, and data continue to be derived until the design is
complete. Therefore, the engineering design process is an evolution of a
representation. Only when the process is finished is a complete data base
achieved.

Dynamic. The design process is a dynamic operation. As the design
progresses, design objects and the relationships among them are added,
deleted, and modified. In addition, many changes are made based on the
results of analysis or the designer’s creativity.

Extensive Transactions. A design transaction is defined as a segment of the
design process between two states of consistency. In the design environment,
reaching a new consistent state is time consuming and may take days or even
weeks.
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The deficiencies of conventional DBMSs when used in engineering and design
applications were quickly recognized. Many engineering organizations and researchers
have sought ways to effectively manage data and data bases. The following four
approaches for improving the efficiency of data base management systems have been
proposed by Ketabchi and Berzins [Ref. 41] (Figure 13).

+ Using a special-purpose file manager that views the DBMS as another

application tool

«  Enhancing the current DBMS by augmenting new capacities

+  Building a layer of software and adding it to current DBMSs to compensate for
deficiencies.

» Developing a new DBMS, called Design DBMS (DDBMS), equipped with
more powerful data models and software facilities required in the design data
bases.

Approach 1 Approach 2

Approach 3 Approach 4

Figure 13. Solutions to Current Data Base Management System Deficiencies

These solutions, however, do have drawbacks. The first approach ignores
capacities provided by high-level data models and data base technology. The second
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approach requires extensive enhancements to the current DBMS and does not provide
optimal performance requirements. The third solution dces aot offer the flexibility and
efficiency desired in the CAD environment. The fourth approach, although it requires
considerable development effort and advanced software technology, provides designers
with a better solution than the three other options.

To develop and implement a DDBMS to manage the engineering and design data,
various data/process modeling methodologies have been promoted as a means of providing
the informational framework of the DDBMS. Methodologies, such as IDEF, SAMM,
NIAM, and semantic data models, together with the improved DBMSs, have been widely
used in very large scale integrated (VLSI) circuit design, and mechanical design projects.
However, very few have addressed the use of DDBMS in aerospace vehicle design
applications.




IV. DESCRIPTION OF DATA/PROCESS MODELING
METHODOLOGIES

Because of the deficiencies of the conventional data base model, the three-schema
approach to data base design was proposed by ANSI/X3/SPARC Data Base Task Group in
1975 [Refs. 32, 42). The architecture of this approach includes three levels:

e External schema
¢ Internal schema
e Conceptual schema.

The external schema supports user views and provides the user interface to the
DBMS. One or more external schemas may be provided, each supporting a distinct user
view designed for a specific application. The internal schema supports the DBMS and the
hardware itself--how the datz are physically stored and accessed inside a computer. The
conceptual schema serves as an informational model of the enterprise that the data base is to
serve and as a control point for additional data base development.

Two advantages are given for the three-schema approach. The first is that the
conceptual schema augments the data model with real-world semantics, which are easy to
understand and use. The second advantage is the enhancement of data independence,
which means that modifying or extending the conceptual schema to capture information
need not affect any application program. Based on the three-schema approach, many
conceptual data models, such as the Entity-Relationship Model (ERM), the Semantic
Association Model (SAM), the Semantic Data Model (SDM) [Ref. 43], the Functional Data
Model (FDM) [Ref. 44], and the Object-Oriented Data Model (OODM), have been defined
and implemented. They all provide high-level data structuring features to improve the
semantic expressiveness of data base conceptual schema and to increase data base
accessibility by the end users. In addition to these conceptual data models, a number of
modeling methodologies abound to address well-defined information processes. These
methodologies, along with the appropriate DBMS, have been applied to different

35




engineering applications. The IDEF methodologies, ERM, SAMM, NIAM, and OODM
are described in this section and illustrated with a specific acrospace design example.

‘A. ILLUSTRATION OF METHODOLOGIES WITH AEROSPACE DESIGN
APPLICATION

The test problem adopted in this study covers the early design stages of an aircraft
wing composite panel (conceptual and early preliminary design). The composite panel
consists of a skin and a certain number of stiffeners, all made with various numbers of ply.
With the wide variety of types and fabrics available, many combinations of ply or fabric
directions can be used to efficiently sustain the applied load (Figure 14) [Refs. 45, 46].
The ply orientation makes design with composite materials unique because the structure and
the material are being designed at the same time. All material properties and strength
allowables will vary depending on the ply orientation, and the orientation relies heavily on
test data. The stiffness properties alone for a multilayer laminate design can be as many as
21, while metal material design has only 2. In the composite design process, four issues
- must be addressed: '

e  Material selection

*  Fabrication methods

*  Structural integrity

*  Environmental effects and protections.

To simplify the test problem, only structural integrity has been considered. Since the
clastic modulus (E) of the elements differs because of the various ply orientations, it is
necessary to determine E for each element and then determine a transformed area. Once
this transformed area is found, the section properties and the average E can be determined
and checked for compliance with the allowable compressive stress and limit strain.

Because of the anisotropic properties of the multilayer orientations, considerably
more information is needed to perform composite panel design than metal panel design.
The following sections describe the various process/data models used for modeling the
design of a composite panel subjected to a compressive load. Figures accompany each
description to demonstrate the form of the model.

The design of a wing composite panel is considered a well-bounded problem that is
sufficiently detailed for purposes of this study, yet not too complicated to implement. The ﬁ
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test problem is intended to show how the information (design process and data) are
modeled and organized, not to elucidate the completeness and accuracy of the composite
panel design. In addition, the test problem is devised to capture and abstract the typical
characteristics embodied in the aerospace vehicle and aircraft design processes.

B. IDEF METHODOLOGIES

The IDEF methodology developed by the Air Force's ICAM Program consists of
three levels that are used to define functional (IDEF), informational (IDEF; or IDEF;x),
and dynamic (IDEF>) relationships of primarily manufacturing systems (Figure 14). These
three levels of communication methodology can be used individually or in combination to
provide a comprehensive description of any complex system. This description can then be
used to identify the key elements (entities) and relationships, analyze the system evolution,
and predict the behavior under certain circumstances.

MODELING LANGUAGE +
e L,
Tree
[_FuncTonaL ] DEFg T
IDEF, IDEF;x

INFORMATIONAL | p r'_L'I

e | T

DEF,

Figure 14. [IDEF Methodologies
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1. IDEFjp - Function Model

The IDEF; method employs a diagrammatic technique to hierarchically decompose
the entire system into its simplest levels, in terms of their functions in a systematic and
logical manner [Refs. 45-49]. The rules that apply to the IDEF are illustrated in Figure 15
as follows:

e  The box represents an activity that modifies input to produce output.

e  Three to six activities are, in general, used for any level of a system.

¢  Each activity may be subsequently and hierarchically decomposed, refined, and

identified.

e Each side of the activity box is used as a location for functional details as

follows (see Figure 15):
Left - inputs to the activity
Top - controls on the activity
Right - outputs from the activity
Bottom - mechanisms required to effect the activity.

Control

Input > Funetion > Output

Mechanism

Figure 15. IDEFg Function Representation

Figure 16 is an IDEF( representation of the aircraft wing composite panel design
application. The connecting lines between activity boxes are identified by nearby labels and
may be joined or split to indicate the merging or dividing of information flows. The IDEF
model is a process model indicating the functional relationships of the various systems, the
data flow, and text/glossary sections. Individuals involved in various functions (such as
input, output, and controls) are interviewed, and the information resulting from these
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interviews is analyzed to define the resources required in each function, while the behavior
of the entire system is also considered.

Functions are related through inputs, outputs, mechanisms, and controls. A
function will be activated in the systems by receiving inputs to create outputs through
guidance of controls, where the activation is performed by mechanisms. IDEF( can be
used to provide a starting point for system improvements or analysis of existing system
shortcomings. The IDEF( methodology enforces a top-down functional modeling
approach, an approach that is often found lacking in unsuccessful system designs.

2. IDEF{/IDEF;x (Extended) - Information Model

IDEF, is a comprehensive method for describing and analyzing the information of a
complex system through a set of rules and procedures for creating information models
[Refs. 47, 52-54]. IDEF; produces graphical diagrams that explicitly represent data
semantics in terms of entities (objects), relationships, and attributes (properties).

An entity is an item or an object to which information relates. IDEF; represents
entities by rectangular boxes, and the entity's name is recorded above the box. (Individual
entity instances are not represented in the data model.) Characteristics of an entity are
known attributes. Each entity instance has a value for each of its attributes. The attribute
values are the facts known about the entity instances. Entity attributes are represented in an
IDEF; diagram by names within the entity's box. Relationships, associations between
entities, are represented by lines between entity boxes. Each line is labeled with the
relationship's name, which is a verb or verb phrase.

With IDEF}, a data model is developed by a top-down analysis of entities and
relationships, which is suitable for supporting the full process of developing information
systems. IDEF; is being successfully applied in a variety of enterprises to achieve
implementation of the integrated data resources. An IDEF;x representation of the aircraft
wing composite panel design application is shown in Figure 17.

3. IDEF2 - Dynamic Model

IDEF; is a methodology that has been developed to describe the time-varying
behavior of manufacturing systems so that computer simulation can be used to generate
measures of system performance [Refs. 47, 55, 56].
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Figure 17. IDEF{x Model for Aircraft Wing Composite Panel Design
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To describe a manufacturing system in IDEF,, the system is decomposed into four
submodels: Facility Submodel, Entity Flow Submodel, Resource Disposition Submodel,
and System Control Submodel. IDEF, Facility Submodel describes the resources that are
used by the system to produce the final products or information. The Entity Flow
Submodel details the flow of products or information through facilities. IDEF; models
system behavior by examining the manner in which entities flow through the system and
the reaction of the system to the entity flow. The Resource Disposition Submodel is used
to describe the disposition of resources when they become available. The Resource
Disposition Submodel uses tree structures to organize the actions concerning the resource
status of the system. The System Control Submodel describes the occurrences of activities
that control but do not prescribe the flow of entities. The System Control Submodel can be
used to create entities, alter attributes of entities, and change the capacity of resources.

Each of the submodels within the IDEF2 model contains a graphical component and
supporting documentation contained on forms. The graphical components of these
submodels have a symbol set designed to facilitate their construction in a straightforward
and comprehensive manner. IDEF, provides a vehicle to predict the dynamic behavior and
integrated performance for a large complicated system. Such a system, the aircraft wing
composite panel design, is modeled in IDEF; in Figure 18.

C. SYSTEMATIC ACTIVITY MODELING METHOD

Defined and implemented for the IPAD project, SAMM is a functional model
employed to identify the relationships and data flow between each function in a large
integrated design system. The SAMM model for the aircraft wing composite panel design
application is shown in Figure 19 [Ref. 57].

Similar to IDEFy, SAMM begins with a top-down hierarchical decomposition,
which is represented as a tree or node diagram. Each upstream node can branch out into
any number of subnodes until the leaves are reached. Each node consists of a set of related
activities and can be represented by an activity diagram (AD). The decomposed trace
accompanying the AD shows the relationship of each activity to the data flow on the
preceding (parent) data model. Each AD contains a series of activities that are connected by
data flow arrows. The data flow into the top of an activity represents forward input, and
the data flow into the bottom of an activity represents the feedback input. Similarly, the
data flow from the right side of an activity represents the forward input, and the data flow
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Figure 18. IDEF2 Model for Aircraft Wing Composite Panel Design
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from the left side represents feedback output. The data flow volume is identified by a
number enclosed in parentheses located adjacent to the data identifier number. This number
represents the number of 60-bit words transferred on a computer. In addition, the number
of iterations of each activity is enclosed in a circle and is estimated for an entire
development program cycle. The type of computing support is identified as predominantly
interactive or batch.

SAMM is expandable to any level of detail with the hierarchical structure, providing
an extremely comprehensive document specifying the activities, their relationships, and
functionalities in modeling the design process.

D. NIJSSEN'S INFORMATION ANALYSIS METHOD

NIAM is based on a binary-relationship model using objects and associations
(relationships) as two fundamental building blocks to represent the real world
[Refs. 58-61]. It provides both information modelers and users with diagrammatic
representation, the information structural diagram (ISD).

The objects and associations are represented as circles and edges in the graphical
form. Object types are either Nonlexical Object types (NOLOTS) or Lexical Object types
(LOTs). Occurrences of NOLOTSs cannot be shown; while occurrences of LOTs can be
shown. Associations are of two types, bridges and ideas. A bridge type associates a
NOLOT and a LOT. An idea type associates two NOLOTS. Further, both bridge and idea
types are composed of a pair of roles. The roles describe the nature and semantics of the
association between connected objects. With NIAM's ISD, a number of constraints on the
associations can also be graphically depicted. The description of constraints allows for
devising an algorithm that would pinpoint the state of the lowest possible coupling. With
an emphasis on achieving binary semantics associations, coupled with a thorough
description of associative constraints, NIAM is able to expose the lowest possible object
coupling and functional dependency. This characteristic is commonly known as the third
normal form in relational terminology. A NIAM example for the aircraft wing composite
panel design application is shown in Figure 20.
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Figure 20. Nijssen's Information Analysis Method Model
for Aircraft Wing Composite Panel Design




E. ENTITY-RELATIONSHIP MODEL

ERM was one of the first models to display/represent the correspondence between
the semantics of the user's world and the constructs of the relational model [Refs. 62, 63].
ERM contains three primitive conceptual elements--entities, relationships, and attributes
(properties)--as representations of the real world. ERM can be implemented using a
diagrammatic technique (Entity-Relationship Diagram or ERD) to translate the
representation into a logical data base schema in a straightforward manner. The ERD
technique represents entities with box symbols and relationships with diamond symbols.
In addition, one-to-one, one-to-many, and many-to-many association types are
distinguished, and entities and relationships are labeled with meaningful English terms.
The ERM for the aircraft wing composite panel design application is shown in Figure 21.

The ERM can adequately, although informally, describe the real world, which is
difficult to represent using a conventional data model. One attractive feature of ERD is that
it is very easy to map the ERM into the relational data base model with third normal form.
In addition, ERM allows the user to have a basic understanding of the underlying logical
organization used in the model.

F. OBJECT-ORIENTED DATA MODEL

An OODM [Refs. 64-70], evolved from SMALLTALK-80 (an object-oriented
programmiiig language), models all conceptual entities with a single concept--objects. An
object may be a primitive object, such as an integer, or a complex assembly of parts, such
as an aircraft. The object-oriented data model of the aircraft wing composite panel design
application is shown in Figure 22. An object consists of a number of instance variables
and/or methods that define the behavior of the object. An instance variable contains the
status and the state of that object. The methods are simply procedures that are invoked by
messages that are sent by other objects.

A data base may contain a large collection of objects. If every object carries its own
instance variable and methods, the amount of information specified and stored can be
unmanageably large. In an object-oriented approach, similar objects are grouped into a
class, and all objects belonging to the same class have the same instance variables and
methods.
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Four characteristics of the OODM are data abstraction, information hiding,
inheritance, and dynamic binding. Data abstraction and information binding are important
in representing complex engineering design information; dynamic binding is important in
developing computer-aided engineering systems that use representations.

Data abstraction is the process of selecting the important properties of a system and
representing these properties in a manner understood by the computer. Objects allow very
general data abstraction because they represent behavior of an entity independent of the
data.

Information hiding is the concept that each object should isolate information from
all other objects, with access to the information provided through well-defined interfaces.
Objects naturally hide information because the objects include private variables and the
procedures (or methods) to operate on the variables. The information presented by the
variables and methods can only be accessed by an interface (called a protocol) that is part of
the object.

Inheritance allows objects to be organized according to common behavior. For
example, an object can be a specialization of a more general object. The specialized object
inherits the behavior of the general object and usually adds to or modifies that behavior. In
this way, inheritance is used to organize information and simplify the structure of the
specialized object using the inherited information.

The final characteristic of the object-oriented data model is the binding of operators
with a type of operand at execution.
The advantages of using OODM include

e  Ability to manage data from a variety of independent application programs
under the same interface (such as adding or changing programs)

»  Ability to improve the representation of information, such as spatial data,
which are handled with conventional data models

*  Ability to manage part hierarchies and recursive data, which are not supported
by conventional data models

e  Ability to develop software programs, such as modelers, without being
concerned with data base management techniques

*  Ability to support different views of the same application, which is essential in
integrating and managing design data bases.
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V. EVALUATION OF DATA/PROCESS MODELING
TECHNOLOGIES

While much has been written about applying the modeling methodologies described
in the preceding section to design processes, such as VLSI design, literature focusing on
the aerospace engineering application is limited. This chapter contains an evaluation of
these methodologies for use in modeling aerospace vehicle design.

The functional requirements needed to provide designers an optimal design
environment in which to carry out the acrospace vehicle design process are first identified.
These functional requirements or specifications serve as the skeleton for development of an
ideal methodology. The test problem is then used to evaluate these methodologies by
pinpointing their features, assets, and liabilities and rating their capacities against the
identified functional requirements.

A. FUNCTIONAL REQUIREMENTS

The functional requirements [Refs. 20, 38, 68, 73] for an ideal process/data
modeling methodology embody features that provide designers an optimal design
environment, by addressing the special features of the complex aerospace vehicle design
process (described in Section II-A). These features are

*  Dynamic Schema. A data schema defines the framework or representation of
the design object and the associated relationships. Since the design process is
highly iterative and dynamic, the data model must support the evolving nature
of the data schema--the schema must be flexible enough to support
modification and extension.

»  Versions, Alternatives, and Revisions. Throughout the design process,
artifacts can often have several versions, alternatives, and revisions, which
have different descriptions and definitions. The process/data model must
provide a mechanism for storing and managing multiple versions, alternatives,
and revisions so that designers can retrieve information about early designs,
test new design ideas, and compare design options.
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Complex Object Representation. The design object is usually an assembly of
many part objects that may contain subpart objects or may contain lower-level
part objects. The design data base model should support the hierarchical
relationship between object types and the inheritance of certain characteristics

and properties.

Design Transactions. The various transactions of different designers must be
coordinated so that the entire system operates smoothly. In conventional data
base models, a transaction has an all-or-nothing interpretation and is not
suitable to some of the design transactions that require extensive transaction
times. The design data base model must be able to handle the latter kind of
transaction as well

Multiple Views. Different designers are interested in different portions of the
system. Consequently, different views of the entire system must be available
for different designers/teams. (Informally, a view can be thought of as a
portion of the window into a portion of the data base.) The model should be
flexible enough to allow the dynamic definition and movement of a view,
instead of forcing the predefinition of possible views.

Heterogeneous Daia Types. The design process involves the use of many data
types, such as graphical data, textual data, procedural data, mathematical data,
and manufacturing data, which differ greatly in their representations and
structures. The process/data model should support all data types.

Data Independence. The ability of application programs to have a constant
logical view of the data base structure, independent of the data base's
realization on a physical storage medium is termed physical data independence.
Data models should exhibit this property as well.

B. EVALUATION MATRICES

To evaluate the effectiveness of the methodologies in aerospace engineering
applications, each methodology was used to model the wing composite panel subjected to a
compression load. The features, assets, and liabilities identified through the evaluation are
listed in Tables 4-10.

The comparison of the evaluations for the process/data modeling methodologies is
shown in the evaluation matrix (Table 11). The first column lists all of the characteristics
and functional requirements (identified in Section II-A and Section IV-A, respectively).
Each methodology is rated in terms of its capability to model these characteristics and
requirements. These subjective ratings are based on how the methodologies performed in
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Table 4. Summary of IDEF, Methodology

MODEL
ITEM

IDEFo

Features

+ It is a functional model that describes a complex system and interrelated information/
object transfer.

* It provides graphics, texts, and forms that permit the system designers to quantify
the existing system, propose system enhancements, and evaluate their effects in a
logical way.

« It strongly reinforces the top-down functional modeling approach. I gradually

introduces greater levels of detail through the diagram structure of the model.

Assets

« It permits an individual to work on different aspects of the total system design and
yet be consistent in terms of final systems integration.

« It permits complete system encapsulization in a standardized, documented form.
* It permits the user to specify a complete system design to the desired level of detail.

+ Itis a clear, concise specification methodology currently available to functionally

describe total system design.

Liabilities

« Development time is too lengthy.
It is quite complex and time consuming to read.

« It only has a static representation of facility. It is not able to define the system in

terms of dynamic representation.

« The function names between two different modelers can be inconsistent due to their

different views about the system.

+ Sometimes it has difficulty in pinpointing a problem area within the system.
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Table 5. Summary of IDEF,/IDEF, y Methodology

MODEL
ITEM

IDEF, /IDEFy x

Features

« |t comprises three primary elements:
~ Entities (classes of things of information)
- Attributes (classes of kinds of information)
~ Classes of relations between entities.

* It incorporates the necessary graphics, texts, and forms to inject an organized
discipline into the process.

« It provides for the measurement and control of the progressive development of the
model through the routine of the modeling discipline.

« It is a coherent language that supports the development of conceptual schemas.

Assets

« It produces graphical diagrams that explicitly represent data semantics.

* It represents a broad range of detail, making it suitable for supporting the complete
process of developing information systems.

« It is independent of any DBMS and application tools.

« It has been successfully applied in a variety of enterprises to achieve implementation
of integrated data resources.

« It provides a modularity that can protect against inaccuracy, incompleteness,
inconsistency, and imprecision.

« It supports disciplined, coordinated teamwork,

Liabilities

* |kt deacribes only the static behavior of information in a system.

« Considerable knowledge is required for implementation, and building the data model is
time consuming.

* Inexperienced users often generate a non-normailized form and iater cause data base
anomalies.
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Table 6. Summary of IDEF, Methodology

MODEL

IDEF2
ITEM

« It describes a time-varying behavior in a systematic way such that the descriptions
can be analyzed using computer simulations to generate a measure of system
performance.

It decomposes into four submodels (graphic components):
Features --Entity flow networks

—Resource disposition trees

--System control networks

-Facility diagrams.

« It models system behavior by examining the manner in which entities flow through the
system and the reaction of the system to the entity flow.

It is suitable for measuring the performance in terms of time.

it can model probability of occurrence, personnel involvement, decision making, and
interactions among activities and events.

Assets « It is suitable for modeling the dynamic behavior of bounded systems, such as manu-
facturing processes.

« It predicts and experiments with a system's dynamic behavior without implementing
and building the system.

« It makes use of computer simulation techniques and reduces human error.

« R is difficult to understand and implement due to complexity.

Liabilities « It can handle only well-bounded manufacturing processes. It is not suitable to model
an unbounded system, such as a design activity.
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Table 7. Summary of Systematic Activity Modeling Method

MODEL
ITEM

SYSTEMATIC ACTIVITY MODELING METHOD (SAMM)

Features

« It provides a systematic approach by using a top-down hierarchical decomposition
technique approach,

< An activity diagram (AD) is used to show the interrelationships between activities by
indicating data and data flow through their reiationships.

« It can be used to model the design networks that are the fundamental building
blocks for the design process.

« It is designed to be expandabie to the level of detail desired by the designers.

Assets

« |t allows the individual to construct the model in a parallel and moduiized manner
without involving the details of other activities.

« It provides information such as the number of iterations, the quantity of data, and
whether the activity can be performed using computers.

« It permits the designer to specify a complete system design to the desired level of
detail.

« It permits the design to be reviewed and examined by many individuals, and comments
by these individuals can be incorporated in a consistent, standardized manner.

* The cost and time drivers can be quantified.

Liabilities

« It does not indicate a specific sequence or flow as evolving over time. This fact is
frequently misunderstood by users.

« It does not have information about the involvement of mechanisms such as design
tools, computer hardware or personnel.

« It encourages the designers to concentrate on individual activity without seeing
the process as part of the entire system.

« It is a static representation of the activity, which may be problematic since designers
have difficulty percsiving the design process in terms of static data flow.
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Table

8. Summary of Nijssen's Information Analysis Method

MODEL
ITEM

NIJSSEN'S INFORMATION ANALYSIS METHOD (NIAM)

Features

It is a binary-relationship conceptual data model.

it is a means of capturing information requirements in user-understandable terms,
modeling and analyzing the requirements in a formal information model, and trans-
lating conceptual information requirements into implementable specifications.

Relationships between object types are derived through entity-joins rather than
symbol-joins.

it is a rule-based modeling technique that can be easily mapped into the data base
schema and data specifications up to the third normalized form using functional
decomposition and an information structural diagram (ISD).

Assets .

it is easy for non-technical pecple to use because schemata defined in terms of the
model can be read aimost iike a natural language.

it supports a variety of constraints that are not available in the conventional data
models.

Users have complete freedom to override the form suggested by NIAM and dilute
the high level of normality.

It uses a semantic binary association between objects in generalized object classes;
therefore, it is capable of modeling any environment.

Information can be easily automated by the computer algorithms to transform the
conceptual schema into a logical data base schema.

Liabilities .

it is not considered a "real” data model since it does not provide a well-defined set of
data manipulation operations.

It does not provide capacities for view definition.

it is inefficient, even with simple queries, requiring a greater number of joint
operations than conventional data models.
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Table 9. Summary of Entity-Relationship Model

MODEL
ITEM

ENTITY-RELATIONSHIP MODEL (ERM)

Features

* It is one of the earliest conceptual data models.

« It supports the top-down approach.

It consists of three basic constructs: entities, relationships, and attributes.
+ It can model composite entities or their relationships.

 The Entity-Relationship Diagram (ERD) provides users a visual inmediacy that makes
ERM a popular conceptual data model.

Asseots

» The ERM's basic construct is very simple to represent and leam.
» The ERD is a comprehensive and simpie diagrammatic technique.
+ Many-to-many relationships are easy to implement.

« ERD can be easily mapped into a relational data base structure with up to the third
normal form,

* It is supported by the well-developed entity-relationship modeling tools.

Liabilities

« It assumes that an entity can be represented by a single relation.

» Even if classified as a semantic data model, ERM still cannot provide sufficient
semantics for engineering design objects.

* It provides the modelers with a great deal of freedom to model the enterprise; hence,
the modeis generated by different individuals can have many discrepancies.

58




Table 10. Summary of Object-Oriented Data Model

MODEL
ITEM

OBJECT-ORIENTED DATA MODEL (OODM)

Features

« It models all of the conceptual entities with a single concept--objects.
+ Each object encapsulates data and procedures to operate on the data.

+ It has four characteristics: data abstraction, information hiding, inheritance, and
dynamic binding.

« It provides a hierarchy of types of objects and the ability to inherit the properties of
the parent object types.

« It allows application programs to view a class of abstract data objects completely in
terms of a set of characterizing operations.

Assets

« Complex design entities can be represented more directly, with less encoding,
meaning fewer leveis of indirection.

« It offers fast response in design applications.

« Update operations and constraints are an integral part of the data base.
« Data independency is maintained.

« An efficient programming language interface can be developed.

» lterative and tentative nature of design is supported.

« Multistage nature of design is supported.

» Dynamic schema and data base operations are extendable.

+ Data can be shareable.

« Versions, alternatives, and revisions can be easily implemented.

Liabilities

« The concept is difficult to implement.
+» The dynamic binding mechanism has high run-time costs.

» A variety of the object-oriented paradigms, each defining different terminologies and
meanings, cause inconsistencies and confusion to designers not proficient in DBMS.
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the test problem. The results indicate that none of the methodologies meets all of the
specified functional requirements and characteristics of the design process, although the
object-oriented data model was found to be the best data modeling method for modeling the
aerospace vehicle design process. Combining two methodologies (one data model and one
process model) seems to be the best strategy for covering the requirements of modeling the
aerospace vehicle design process; however, the effort and time required to do so may be
prohibitive. '

C. ADDITIONAL EVALUATICNS

In addition to identifying the predominant features, assets, and liabilities of these
methodologies, which is essential to fully evaluate them, other intangible features, such as
the assumptions the methodologies are based on and the skills required for use, are also
important. The application of these methodologies requires not only a knowledge of the
steps and techniques involved, but also a comprehension of the underlying concepts,
philosophy, and scope.

1. Assumptions

All methodologies are based on certain assumptions, although they are not always
explicitly stated in the documentation of the model. Most methods are based on the
common assumption that information can be modeled and that the models used in each
methodology are adequate for this purpose. More importantly, the mapping of these
models to implementation or physical models is assumed to be a simple task. NIAM uses
object types and associations; IDEF1x uses entities, attributes, and relationships; ERM uses
entities and relationships; and OODM uses only objects as the basic constructs.

Other important assumptions are concerned with the decomposition of the systems
and the sequencing of the tasks. SAMM, IDEF, and ERM are based on the assumption
that a system can be hierarchically decomposed and partitioned using a top-down approach.
NIAM is based on the assumption that the integration of information systems in a bottom-
up fashion can be applied to produce logical data models.

2. Skills Required for Use

The skills needed by the designers to use these methodologies differ substantially.
For some, no particular data processing skills are necessary; NIAM and ERM have been
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successfully used by novices, while others, such as OODM and IDEF, require extensive
experience. These methodologies can be used individually or in combination to provide a
comprehensive description of any complex system, such as modeling of the aerospace
vehicle design process. Although the skill levels necessary to use the methodologies vary
significantly, the complete knowledge and understanding of the system modeled is
required.

3. Scope

The scope of the methodologies also varies among the application areas. The
maximum benefits of each methodology can be obtained only by using the method in the
specific application area for which it was developed. For example, IDEF methodologies
were established for modeling the function, information, and dynamics of manufacturing
systems. SAMM is best suited for modeling design activities in the system development
phases. ERM and NIAM were designed to be the modeling methods for the entire scope of
an information system. OODM, however, is suitable for modeling engineering design
objects.

4. Graphical Representation and Software Support

All methodologies support graphical representation and techniques to facilitate and
simplify the modeling process. IDEFy and SAMM use rectangular boxes to represent
activities and arrow lines to relate them. The ERD technique employs boxes (entities) and
diamonds (relationships). IDEF; and IDEF;x apply rectangles and lines to represent the
entities and relationships. OODM and IDEF; have many graphical constructs with different
representations that can be difficult for novice designers to grasp. Almost all of the
modeling methods can be automated and aided by commercially available software. IDEF
methods are supported by ECLIPSE developed by DACOM. NIAM is supported by IAST
and RIDL, developed by CDC. OODM is supported by VBASE developed by Ontologic.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The aerospace vehicle design process is a complex activity that often requires the
effort of many individuals over an extensive period of time. The entire scope of the design
process is driven by design information created during the design operations. To
effectively manage the design information, various CAD/CAM and data base technologies
and techniques, such as integrated data base concepts, distributed data base concepts, and
semantic data modeling methods, have been developed and implemented. One of the key
issues for ensuring the effective management of engineering information is the use of a
DBMS specifically tailored to engineering applications. Conventional DBMSs, developed
for business- and administration-oriented environments, cannot fulfill the functional
requirements for engineering applications. In light of the deficiencies of conventional
DBMSs, many data/process modeling methodologies have been advocated and
implemented. Such methodologies were developed to serve the needs of particular
engineering tasks and previously were not sufficiently evaluated in terms of their relevance
to aerospace vehicle design. The IDA study covered seven data/process modeling
methodologies (IDEF,, IDEF;x, IDEF3, NIAM, SAMM, ERM, and OODM), which were
evaluated by testing their application to aircraft wing composite panel design. The results
of this evaluation are summarized in this paper.

The study indicated that none of the existing modeling methodologies is adequate
for supporting the overall aerospace vehicle design process. The OODM seems to possess
many of the features required for the ideal design decision support system for modeling the
aerospace vehicle design process. Some of the features that the OODM lacks are embodied
in other methodologies. It is felt that research toward an extended information modeling
methodology, formed by combining the OODM data model with a process model (such as
IDEF( or SAMM), may provide the optimal design decision support environment. Such a
modeling method must be developed, implemented, and tested to provide critically needed
support of future information-driven aerospace design processes. Large-scale test bed
problems, such as the XV-1S5 tilt-rotor composite aircraft wing structure or avionics control
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systems, should be used to evaluate the information methodologies assessed in this report,
as well as any future methodology developments.
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